The evolution of drug resistant strains of microbial pathogens provides an urgent need to develop novel therapeutical regimes with resistance-combating capacity. In this study, the phytochemical composition and antibacterial activities of essential oils from Cleome droserifolia and Cleome trinervia growing in Jordan desert were investigated. Hydro-distilled oils were analyzed using GC-MS and evaluated for antibacterial activity in vitro against a selection of Gram-positive and Gram-negative bacteria by the agar-well diffusion and the micro-dilution methods. Sixty five compounds representing 99.3% of the total composition were detected in oil of C. droserifolia, whereas 30 compounds corresponding to 95.9% of the total were detected in oil of C. trinervia. The principal constituents of C. droserifolia oil were (E)-3,7,11-trimethyl-1,6,10-decatrien (11.8%), carotol (10.1%), δ-cadinene (8.9%), β-eudesmol (7.0%) and benzyl isothiocyanate (5.9%). The chief constituents of C. trinervia oil were 1,5-hexandien-3-ol (28.3%), santene (20.0%), 3-methyl-2-methylenebutanitrile (14.9%), Zmyroxide (9.3%) and 3,5-dimethyl-1,2,4-trithiolane (7.0%). The chemical profiles revealed the preponderance of sesquiterpenes (86.6%) and monoterpenes (31.1%) in C. droserifolia and C. trinervia oils, respectively. Appreciable proportions of nitrogen and sulfur-containing compounds were found in the examined oils (8.5% in C. droserifolia and 27.1% in C. trinervia). Scanning electron microscopy of C. droserifolia and C. trinervia petioles and leaf surfaces showed that the two species are coated with capitate-type glandular hairs consistent with enrichment of such species with essential oils. The antibacterial activity screen study showed that the oils exerted marked growth inhibitory effects. Most bacterial species tested were suppressed, despite the varying degrees of inhibition observed (MIC values of 150-550 μg ml
Introduction
Plants are principal sources of herbal remedies and anti-infective agents (Levetin and McMahon, 2011; Santhosh and Suriyanarayanan, 2014) . People all over the world, particularly in developing countries, count on plants for primary health care and curing infectious and serious diseases (Payyappallimana, 2006) . Therefore, screening plants for phytochemistry and biological activities has become a research stream of international concern (Osbourn and Lanzotti, 2009) . A leading impetus behind this interest is the emergence of infections and intoxifications driven by microbial pathogens with acquired resistance related to the unwarranted and unsystematic use of synthetic drugs (Bax et al., 2000; Bhavnani and Ballow, 2000) . This microbial property provides a pressing need to develop novel therapeutical formulations with resistance-combating capacity. Plants represent a major reservoir of a multitude of diverse secondary or natural products that are of tremendous medicinal value and that can be exploited in the search for new medications (Pan et al., 2009) .
Cleome L. (Cleomaceae), a genus of ca. 200 pantropical and temperate species (Simpson, 2010) , has a long history of ethnomedicinal usage (Rahman et al., 2004) . Several species of this genus are aromatic and of great interest for human nutrition and health. Cleome gynandra L., for example, is utilized as a leafy vegetable, flavor and medicinal in Africa and South-East Asia (Chweya and Mnzava, 1997) . The species is reported to be used traditionally in Kenya against malaria and stomach congestion (Jeruto et al., 2008) . Cleome viscosa L., one of the most common medicinal herbs throughout India, is used as a remedy to treat various ailments (Gupta and Rao, 2012) . Cleome droserifolia is another species of striking medicinal value, widely used traditionally in Egypt and Jordan to counteract hyperglycemia. Considerable research efforts confirmed its utility as a hypoglycemic herb (El-Khawaga et al., 2010; Shtaiwi et al., 2013 ); yet, the chemical basis underlying this therapeutic property is unknown. Phytochemical screening studies underscored Cleome enrichment with a diverse array of beneficial secondary products including terpenoids, flavonoids, phenolics, and alkaloids, supporting use of the genus for culinary and therapeutical purposes (Aboushoer et al., 2010; Abdel-Monem, 2012; Jane and Patil, 2012) . However, knowledge of Cleome phytochemistry and biological activities is still far from complete, and new discoveries may be made concerning the nutritive and medicinal properties of the genus.
Cleome constitutes an important vegetative element of hot arid and semiarid regions of Jordan, inhabiting extreme desert habitats of the Dead Sea valley, Wadi Araba, Wadi Al-Yotm, and Wadi Rum. In a succession of field excursions within Jordan, the aromatic/pungent scent and stickiness of Cleome species indicate the potential for novel phytochemical and pharmaceutical discoveries within the genus. Three Cleome species are known to grow wild in Jordan, including C. arabica L., C. trinervia Fresen., and C. droserifolia (Forssk.) Del. (Zohary, 1966) . To the best of our knowledge, investigations on Cleome species from Jordanian origin for phytochemical content and biological activities have not been carried out. Therefore, we aimed in this study to isolate and examine the chemical composition of essential oils from two Cleome species (C. droserifolia and C. trinervia) growing wild in Jordan and screen them for antibacterial activities. As oils are typically stored in glandular hairs projecting from the plant surface (Rajaei et al., 2011) , we also examined outer surfaces of the two Cleome species for the general presence and abundance of these glands. Compared to C. droserifolia, there is no literature information about phytochemistry and biological activities of C. trinervia and this study is the first to investigate this species for oil composition and antibacterial efficacies. Also, previously published research on C. droserifolia did not address the antimicrobial activity of essential oils isolated from this species (Abd El-Kawy et al., 2000 and references therein) . Investigating both Cleome species in this study outlined a greater understanding of the phytochemistry and potential pharmaceutical development of these native Jordanian species.
Materials and methods

Plant materials
For this study, whole aerial parts of C. droserifolia and C. trinervia (Fig. 1) bearing reproductive parts were used from wild accessions collected from their natural habitats in Alshallaleh region and Wadi Rum (Aqaba, Southern Jordan) during April, 2013. Identity of each species was confirmed using characters related to growth habits and morphological attributes in regional floras (Zohary, 1966) . Voucher specimens of each species were deposited in the herbarium at the Department of Biological Sciences, Yarmouk University.
Essential oil isolation
Oil isolation, composition, and compound identification were carried out as previously described by Muhaidat et al. (2013) . For essential oil isolation, fresh aerial parts (200 g) from each Cleome species were finely chopped and subjected to hydrodistillation for 3 h using a Clevenger-type apparatus. Collected oil distillates were dried over anhydrous sodium sulfate and directly stored in GC-grade n-hexane at 4°C until use in gas chromatography/mass spectrometry (GC-MS) and antibacterial activity studies (see below).
Essential oil composition
GC-FID and GC-MS analyses
Chemical analysis of the essential oils was conducted using gas chromatography-mass spectrometry (Varian chrompack CP-3800 GC/ MS/MS-200) (Saturn, Netherlands). The chromatographic conditions were as follows: column oven program, 60°C (1 min, isothermal) to 246°C (3 min, isothermal) at 3°C/min, the injector and detector temperatures were 250°C and 300°C, respectively. Helium was the carrier gas (flow rate 0.90 ml/min) and the ionization voltage was Quantitative analysis of the essential oils from both Cleome species was carried out using a Hewlett Packard HP-8590 gas chromatography equipped with a split-splitless injector (split ratio, 1:50) and FID detector. An OPTIMA-5 fused silica capillary column (30 m × 0.25 mm, 0.25 μm film thickness) was used. The oil was analyzed under linear temperature program, applied at 3°C/min increment starting from 60°C through 246°C. Temperatures of the injector and detector were maintained at 250°C and 300°C, respectively. Concentrations (% areas) of oil constituents for each Cleome species were determined using their relative area percentages obtained from GC chromatogram, assuming a unity response by all components. Each oil sample was analyzed twice.
Identification of oil constituents
Chemical constituents of the oils were identified using the built-in libraries (Nist Co. and Wiley Co., USA) and by comparing their calculated retention indices relative to (C 8 -C 20 ) n-alkanes literature values measured on columns of the same polarity (see above; Roberts and Adams, 2007).
Scanning electron microscopy of aerial surfaces
To examine micromorphology and abundance of hairs projecting outward from surfaces of the study Cleome species, the procedure described by Rajaei et al. (2011) with modifications was used. Segments of leaves and petioles from each Cleome species were fixed in FAA (70% ethanol:acetic acid:formalin [18:1:1, v/v]) overnight, dehydrated through an ethanol series, critical-point dried, air-dried on aluminum stubs, sputter-coated with gold, and viewed under scanning electron microscope (SEM) (FEI quanta 200, Oregon, USA). Images of glandular hairs were captured to estimate the general presence and morphology of hairs on both petiole and adaxial leaf blade surfaces.
Antibacterial activity 2.5.1. Tested bacterial species
The antibacterial activity of the essential oils from C. droserifolia and C. trinervia was evaluated against a collection of Gram-positive and Gram-negative bacterial species (provided by the Microbiology Research Lab, Yarmouk University, Jordan). Gram-positive bacteria included Staphylococcus aureus (ATCC 29213), Staphylococcus epidermidis (ATCC 12228), Enterococcus faecalis (ATCC 29212), Bacillus cereus (ATCC 11778) and Micrococcus luteus (ATCC 9341), whereas the group of Gram-negative included Escherichia coli (ATCC 25922), Salmonella typhimurium (ATCC 13311), Pseudomonas aeruginosa (ATCC 27853), Klebsiella pneumoniae (ATCC 10031), and Enterobacter aerogenes (ATCC 13048). The selected bacterial strains are standard bacterial isolates covering the two major bacterial groups; Grampositive and Gram-negative bacteria. In addition, the selected species are known to include pathogenic or opportunistic pathogens and some can develop resistance to commercially available antibiotics during treatment. For example, S. aureus comprises virulent pathogenic and multi-drug resistant strains (Archer, 1998) . B. cereus is usually not resistant, and some strains can cause foodborne illnesses (Kotiranta et al., 2000) . E. faecalis has been recognized as one of the most notable nosocomial pathogens (Hirt et al., 2002) . S. epidermidis is usually not resistant, but includes opportunistic pathogenic strains (Otto, 2009 ).
In vitro antibacterial activity assay
The antibacterial activity of the essential oils was tested using the agar well diffusion method (Rojas et al., 2006) . The standard bacterial species were cultivated in nutrient broth and incubated at 37°C for 18 h. Bacterial cultures were brought to turbidity equivalent to about 0.5 McFarland turbidity standard and inoculated (0.2 ml each) onto nutrient agar media. Afterwards, wells (8 mm diameter each) were pierced in the agar and filled each with 100 μl oil diluted 1:5 (v/v) with 25% methanol according to Di Pasqua et al. (2005) . The same volume of methanol lacking test samples was used as a negative control. Our ongoing research indicated that essential oils have poor solubility in dimethyl sulfoxide (DMSO), which is commonly used as a solvent of oils in comparable studies. Consequently, methanol used earlier by Di Pasqua et al. (2005) to solubilize essential oils was also used this study. We verified through multiple experiments that oils have superior solubility in methanol at a certain concentration range without exerting any antibacterial effects. As a positive control, ampicillin (500 μg/ml) was used. After incubation at 37°C for 24 h, the antibacterial activities of the test oils were evaluated by measuring growth inhibition zones to the nearest millimeter (diameter of the inhibition zone plus diameter of the well). All experiments were performed in triplicates and the results were shown as means ± SE.
The broth micro-dilution method described by Razafintsalama et al. (2013) was carried out to determine the minimum inhibitory concentrations (MIC) of the test samples against susceptible bacteria. For each oil, a stock solution of 10 mg/ml was serially two-fold diluted to obtain a concentration range of 0-10 mg/ml. After that, 100 μl of each concentration was introduced into a well of sterile round-bottom 96-well plate containing 90 μl nutrient broth and 10 μl bacterial cell suspension in the appropriate broth, equivalent to 1 x 10 8 CFU/ml. A positive control containing the bacterial culture and broth without the plant extract was included in each test. The plates were incubated at 37°C for 24 h. The MIC, defined as the lowest concentration causing inhibition of bacterial growth, was judged by visual inspection based on the degree of turbidity and confirmed by sub-culturing on nutrient agar. In sub-culturing, 10 μl from each well was placed on nutrient agar, spread and incubated at 37°C for 24 h to confirm growth inhibition or no any visible growth at all. The assay was performed in duplicate.
Results and discussion
Essential oil composition
Hydrodistillation of the aerial parts of C. droserifolia and C. trinervia yielded 0.43% and 0.14% (w/w) pale yellowish fragrant oil distillates, respectively. The chemical profile of the oils, retention indices (RI), and the percentage areas of the oil constituents are summarized in Table 1 . A total of 65 compounds representing 99.3% of the total composition were identified in oil of C. droserifolia, whereas 30 compounds representing 95.9% of the total were identified in oil of C. trinervia. The principal constituents of C. droserifolia oil were (E)-3,7,11-trimethyl-1,6,10-decatrien (11.8%), carotol (10.1%), δ-cadinene (8.9%), β-eudesmol (7.0%) and benzyl isothiocyanate (5.9%). The major constituents of C. trinervia oil were 1,5-hexandien-3-ol (28.3%), santene (20.0%), 3-methyl-2-methylenebutanitrile (14.9%), Z-myroxide (9.3%) and 3,5-dimethyl-1,2,4-trithiolane (7.0%) ( Table 1) .
Oil constituents detected in each Cleome species studied were separated into the following compound classes: monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes, nitrogen-and sulfur-containing compounds, aldehydes and ketones, alcohols, and acids and esters (Table 2) . Oil from C. droserifolia included two monoterpene hydrocarbons (0.2%), six oxygenated monoterpenes (0.7%), 23 sesquiterpene hydrocarbons (33.8%), 22 oxygenated sesquiterpenes (52.8%), five nitrogen-and sulfur-containing compounds (8.5%), four aldehydes and ketones (1.1%), one alcohol (1.1%), two acids and esters (1.1%). By comparison, oil of C. trinervia included two monoterpene hydrocarbons (20.1%), five oxygenated monoterpenes (11.0%), four sesquiterpene hydrocarbons (1.7%), five oxygenated sesquiterpenes (1.7%), nine (Olle and Bender, 2010) . Nevertheless, the prevalence of terpenes in oils of Cleome species seems a consistent feature as it has been reported for other members of this genus (Mirza et al., 2005; Olatun et al., 2005; McNeil et al., 2010) . Substantial levels of nitrogen-and sulfur-containing compounds were detected in oils of the two species (8.5% in C. droserifolia and 27.1% in C. trinervia) ( Table 2 ). This result is supported by the presence of glucosinolates hydrolysis products in the examined oils (Table 1) . Glucosinolates is a distinguishing chemical attribute of families included in the order Brassicales (Simpson, 2010) . Hydrolysis of glucosinolates yields mustard-smelling derivatives of nitriles and isothiocyanates that lend a characteristic flavor to plant species with high glucosinolates content (Mithen, 2006) . In the present study, various volatile constituents of nitriles and isothiocyanates were detected in oils of both Cleome species. Oil from C. droserifolia was dominated by benzyl isothiocyanate, whereas oil from C. trinervia was dominated by 3-Methyl-2-methylenebutanitrile (Table 1) .
Scanning electron microscopy of aerial plant surfaces
The characteristic alluring scents and flavors of aromatic plants are ascribed to a complex mixture of volatile constituents, chiefly monoterpenes and sesquiterpenes, and are usually stored in glandular hairs (Rajaei et al., 2011) . The genus Cleome comprises species that are odorous and glandular, including the species studied here. Like other aromatic plants, Cleome members may use essential oils to attract pollinators and/or warding off potential herbivores and pathogenic microbes, thus enhancing their reproductive fitness (Kessler and Baldwin, 2001; Levetin and McMahon, 2011) . The SEM images of petiole and leaf surfaces of C. droserifolia and C. trinervia showed that both species are coated with capitate-type multicellular glandular hairs (Fig. 2) . Hairs in C. droserifolia appeared denser and longer than in C. trinervia which might be related to species differences in oil composition and percentage profiles (see above).
Antibacterial activity
The results of the antibacterial activities (assessed in terms of inhibition zone) of essential oils from the two Cleome species are presented in Table 3 . Growth of most bacterial species was suppressed, with varying degrees of inhibition based on plant species and the tested bacterial species. Gram-positive bacteria were generally more sensitive than Gram-negative bacteria. Among the tested Gram-positive bacteria, E. faecalis was the least sensitive (inhibition zone = 14.7 ± 0.3) ( Table 3 ). This bacterium is known to cause a number of human infections such as urinary tract infections and meningitis (Sharma et al., 2002) . It has also been reported that E. faecalis has developed resistance to different antimicrobials, and has been recognized as one of the most notable nosocomial pathogens (Hirt et al., 2002) . The results of the antibacterial activity in this study indicate that essential oils of the study Cleome species provide promising tools for developing novel anti-infective agents against this bacterium.
Oils from C. droserifolia and C. trinervia demonstrated striking inhibitory actions against the Gram-positive M. luteus and S. aureus, respectively (Table 3) . By comparison, E. coli and S. typhimurium were the most susceptible Gram-negative bacteria. On the other hand, oils of both Cleome species were inactive against K. pneumoniae and E. aerogenes (Table 3) . The antibacterial data gathered in this study indicate that certain compounds in the oils were effectively antibacterial; augmenting oils significance in inhibiting microbial pathogens (Bassolé and Juliani, 2012) . Terpenes have been regarded as potent antimicrobial compounds, and their considerable contribution to the oils composition in this study could be responsible for the antibacterial activities noted in the present study. For instance, the sesquiterpenes carotol, β-eudesmol and δ-cadinene detected in C. droserifolia oil have been found in previous studies to exhibit antimicrobial act (Kundu et al., 2013; Su and Ho, 2013) . However, the antibacterial activities of the oils in the present study could result from a synergistic effect of more than one component. Concerning C. trinervia, we are unaware of published research studies that have assessed the antimicrobial activities of such major monoterpene components detected in the species oil, and thus this study might presents the first data suggesting antibacterial effects linked to C. trinervia.
The presence of glucosinolates hydrolysis products in oils of Cleome species studied here most likely contributes to the oils remarkable 
Table 3
Mean antibacterial activities (mm inhibition zone diameter ± SE) and MIC values of essential oils collected from C. droserifolia and C. trinervia, and positive control ampicillin (500 μg/ml) against selected bacterial species. Widest diameters of inhibition zones by the oils are indicated in boldface (n = 3). The negative control (25% methanol) did not show any antibacterial activity against all tested bacterial species. antibacterial activities (Tables 1, 3 ). Our conclusion coincides with literature data, further supporting the significant role of glucosinolates and their hydrolysis products in mitigating microbial pathogens (Blažević, 2010; Abreu et al., 2012) . They also have been shown to coact with standard drugs, such as streptomycin, ciprofloxacin, and erythromycin, to impede bacterial growth through cellular disruption and membrane damage (Saavedra et al., 2010; Abreu et al., 2012) . Regarding the MIC values, a correlation between the antibacterial activity screen by the agar well diffusion assay and MIC determination was found (Table 3) . The lowest MIC values were obtained in case of S. epidermidis, M. luteus, and S. aureus, whereas the highest values were observed in case of E. faecalis (Table 3) . The low MIC values reported in this study indicate that Cleome is an important source of effective antibacterial agents. This sets the stage for identifying responsible compounds and developing potentially novel antibacterial drugs.
Conclusions
This study represents the first report on the phytochemical composition and antibacterial activities of essential oils obtained from two Jordanian Cleome species, C. droserifolia and C. trinervia. GC-MS analysis revealed the presence of an array of volatile constituents in the oil isolated from each species, strikingly high levels of terpenes and nitrogen and sulfur-containing compounds, and corresponding glandular hairs relating to species enrichment with essential oils. The antibacterial activity data of the tested oils suggest further explorations for use as natural therapeutics. This initial profiling of their chemical composition provides a robust framework for evaluating the antibacterial effectiveness of oil components in vitro and determining the active source compounds. The antibacterial activity data reported in this study suggest that Cleome species have developed a number of defense substances, some of which may have evolved to ward off pathogenic microbes. Based on this, Cleome is worth considering as a potential source for novel drug discovery and human health, primarily in the development of tools against both drug-resistant and nosocomial microbial pathogens. Finally, the results of this study provided a scientific basis for the traditional usage of Cleome and data baseline for future chemical and pharmacological investigations.
